Abstract
medium in classic radiative transfer theory. Here we advance the Geometric Optical Radiative Transfer 23 (GORT) model to simulate photosynthesis activities for discontinuous plant canopies. We separate radiation 24 absorption into two components that are absorbed by sunlit and shaded leaves, and derive analytical 25 solutions by integrating over the canopy layer. To model leaf-level and canopy-level photosynthesis, leaf 26 light absorption is then linked to the biochemical process of gas diffusion through leaf stomata. The canopy 27 gap probability derived from GORT differs from classic radiative transfer theory, especially when the leaf 28 area index is high, due to leaf clumping effects. Tree characteristics such as tree density, crown shape, and 29 canopy length affect leaf clumping and regulate radiation interception. Modeled gross primary production 30 (GPP) for two deciduous forest stands could explain more than 80% of the variance of flux tower 31 measurements at both near hourly and daily time scales. We demonstrate that ambient CO 2 concentrations 32 influence daytime vegetation photosynthesis, which needs to be considered in biogeochemical models. The 33 proposed model is complementary to classic radiative transfer theory and shows promise in modeling the 34 radiative transfer process and photosynthetic activities over discontinuous forest canopies. 35 via the biochemical diffusion processes through stomata, numerous small pores on the leaf surfaces (Collatz 56 et al., 1991; Farquhar and Sharkey, 1982) . Stomata can open and close in response to microenvironments, 57 thereby regulating plant carbon uptake (Bonan, 2002) . Field physiological studies have accumulated 58 detailed information on the behavior of stomata under certain environmental conditions (Schulze et al., 59 1994), in which sunlight irradiance plays a vital role (Ball et al., 1987) . In this domain, linking the physical 60 process of radiative transfer within plant canopies with the biochemical process of gas diffusion through leaf 61 stomata is essential for accurate representation of vegetation photosynthesis. 62 63 Radiative transfer within a plant canopy is determined by many factors such as the partition of incoming 64 solar radiation, solar illumination geometry, terrain slope and aspects, canopy structure, leaf angle 65 distribution, and leaf and substrate spectral properties (Baldocchi et al., 1985; Fan et al., 2014; Schaaf et al., 66 1994) . Classic radiative transfer theory assumes that plant leaves are randomly distributed in three-67 dimensional space within a homogeneous canopy layer (Goudriaan, 1977; Myneni et al., 1990) . The canopy 68 radiative transfer process can be simply characterized by leaf area index (LAI) and leaf angle distribution 69 (LAD). Three-dimensional, multi-layer, and two-leaf radiative transfer models have been developed to 70 simulate leaf absorption of solar irradiance and canopy photosynthesis (Myneni, 1991; Pury and Farquhar, 71 1997; Ryu et al., 2011; Sellers, 1985) . Although classic radiative transfer theory holds well for dense 72 vegetation canopies, most vegetation canopies, especially arboreal canopies, consist of discrete crowns in 73 reality (Yuan et al., 2013) . Leaves are clumped within individual crowns, such that more sunlight penetrates 74 to understory layers and the ground surfaces (He et al., 2012; Ni-Meister et al., 2010) . Tree crowns also cast 75 shadows on one another and on the background, resulting in self-shadowing effects as described by the 76 geometric-optical theory (Li and Strahler, 1992) . Given natural differences in the radiative transfer process 77 between homogenous and discontinuous plant canopies, it is important to understand and account for the 78 influence of crown shape and tree structure on canopy radiation absorption and vegetation photosynthesis. 79
Introduction

80
To address the radiative transfer process in discontinuous canopies, the Geometric-Optical Radiative-81
Transfer (GORT) model conceptually combines geometric optical principles for canopy structure and 82 radiative transfer theory for volumetric scattering within canopy crowns (Li et al., 1995) . The geometric 83 optical method is used to characterize the process by which sunlight passes directly to the ground surface 84 without reaching any canopy crowns. The radiative transfer principle is applied to model the probability of 85 light penetration as it travels through crowns in the canopy. GORT has been used to model the physical 86 aspects of discontinuous plant canopies such as gap fraction, radiation transmission, and bi-directional 87 reflectance (Ni et al., 1999; Ni et al., 1997; Xin et al., 2012) , and has been validated under a variety of 88 environmental conditions (Liu et al., 2008 Yang et al., 2010) . Despite these successful applications, the current version of the GORT model 91 does not have analytical solutions for radiation absorption by sunlit and shaded leaves, though previous 92 studies have tried to solve the process of multiple scattering between canopy and background in an iterative 93 manner (Song et al., 2009 ). However, sunlit and shaded leaves must be treated separately in photosynthesis 94 modeling because flux densities of photosynthetically active radiation (PAR) incident on leaf surfaces are 95 different (He et al., 2013) . It is also necessary to integrate vertically over the canopy to derive mean PAR 96 absorbed by sunlit and shaded leaves because of the non-linear light attenuation within the canopy and the 97 non-linear dependence of leaf stomatal conductance on light absorption (Campbell and Norman, 1998) . 98
99
The objectives of this study are to 1) advance the GORT model by providing analytical solutions to the 100 radiation absorption of sunlit and shaded leaves and 2) link the radiative transfer process to biochemical 101 processes to simulate leaf and canopy photosynthesis. We first describe the principles of our model and then 102 perform model validation with eddy covariance data from two flux towers situated in the New England 103 region of the United States. 104 105 2. Theoretical Basis 106 2.1 Brief description of canopy gap probability modeled using GORT 107 Gap probability, the probability of photons reaching a given canopy depth without being intercepted by 108 canopy elements, is key to characterizing the radiation distribution within plant canopies. A detailed 109 description for modeling the gap probability with GORT is described in previous studies (Li et al., 1995; Ni 110 et al., 1999), and we summarize it briefly here because the concept of gap probability is necessary for 111 understanding our subsequent work. 112 For homogeneous canopies, Beer's law describes the gap probability of sunlight penetration. For 117 discontinuous plant canopies, leaves are clumped within individual canopy crowns, forming an uneven 118 distribution of gap probabilities for beam radiation. GORT models tree crowns as a collection of ellipsoids 119 (Figure 1) , of which the centers are randomly distributed between the upper and lower boundaries of the 120 canopy layer (ℎ 1 and ℎ 2 ). Each ellipsoid, or each canopy crown, is characterized by one-half of the vertical 121 crown length ( b ) and a horizontal crown radius ( R ). The total gap probability is modeled separately as the 122 proportion of sunlight passing through the canopy layer without reaching any crown (hereafter referred to as 123 between-crown gaps) and the proportion of sunlight passing through crowns without being intercepted by 124 canopy leaves (hereafter referred to as within-crown gaps), such that: 125
where gap (ℎ, ) is the gap probability for beam radiation at height ℎ given an illumination zenith angle , 126 gap ( = 0|ℎ, ) is the between-crown gap, and gap ( > 0|ℎ, ) is the within-crown gap. 127
128
The between-crown gap is modeled based on Boolean theory as an exponential function of crown numbers 129 within a geometric volume that contains no crown centers: 130
where v is the tree density, and Γ is the beam projected cylinder volume with a radius R starting from the 131 canopy top and extending to height ℎ. The probability distribution of within-crown paths length can be solved in a convolutional manner: 141
where ( | , , ℎ, ) is the probability distribution of within-crown path length given that a solar ray enters 142 the crown at height ℎ and angle , and ( | , ℎ, ) is the probability distribution of the numbers of crowns 143 intercepted by the solar ray incident at angle , entering crowns at height , and then traveling to height ℎ. 144 145 Diffuse radiation (i.e., the hemispherically isotropic radiation) can be treated as beam radiation from all 146 directions in the upper hemisphere. The "openness" of discontinuous plant canopies to diffuse radiation on a 147 horizontal plane is defined as: 148 
where open ( = 0|ℎ) and open ( > 0|ℎ) are between-crown and within-crown openness factors, 149 respectively. is the solar illumination angle, and is the azimuth angle. 150 151
Sunlit and shaded leaf area index 152
The gap probability describes the probability of beam radiation being intercepted by plant leaves, and hence 153 determines the proportion of leaf areas that are sunlit. For a very thin layer, the reduction of total gap 154 probability is due to leaf interception, of which the process still follows Beer's law: 155
where is the canopy extinction coefficient for beam irradiance, (ℎ) is the leaf area index within a 156 thin layer ℎ at height ℎ, and gap (ℎ, ) is the gap probability modeled using GORT.
In the limit as ℎ becomes infinitely small, we have: 159
where gap ′ (ℎ, ) is the first derivative of gap probability gap (ℎ, ) with respect to height ℎ. 160
161
Combining Equations (8), (9), and (10), we obtain: 162
163
For diffuse radiation, it can be derived in a similar manner: 164 The sunlit LAI at height ℎ is the product of the probability of beam sunlight penetration to height ℎ and the 168 probability of sunlight being intercepted by the thin layer and divided by the ratio of leaf area projected on a 169 horizontal surface (Campbell and Norman, 1998) , such that: 170
where (ℎ, ) is the sunlit leaf area index within a thin layer ℎ at height ℎ. 171
172
Substituting Equations (9) and (11) into Equation (13), we obtain: 173
174 Sunlit LAI for the entire canopy at zenith angle is then obtained by integrating from the canopy top to 175 canopy bottom, such that: 176
where gap (ℎ = 2 | ) and gap (ℎ = 1 | ) are the gap probabilities at the canopy top 2 and canopy 177 bottom 1 , respectively, whereas the gap probability at the canopy top is 1. 178
179
It is worth noting that our calculation of sunlit leaf area for discontinuous canopies is analogous to that for 180 homogeneous canopies, which is given as:
where * ( ) is the sunlit leaf area for homogeneous canopies. 182
183
The shaded LAI is simply the remainder of the canopy LAI: 184
Analytical solutions for the scattering parameters of discontinuous canopies 186
Canopy scattering parameters such as directional-hemispherical reflectance and hemispherical-187 hemispherical reflectance (or black-sky albedo and white-sky albedo, respectively) can be obtained by 188 resolving the radiative transfer process or can be approximated using simple analytical solutions. For semi-189 infinite horizontally homogeneous media, Hapke's solutions of the proportion of unintercepted direct beam 190
hemispherical-hemispherical transmittance ( ∞ ), and directional-hemispherical transmittance ( ∞ ) are 192 given as (Hapke, 1981) : 193
where is the single scattering albedo, = ( ) is the projected foliage area volume density for the 194 plant canopy, is the effective leaf area index, is the depth of the canopy, is the solar illumination 195 angle, = cos ( ) and = √1 − . 196
197
Starting with surface energy balances, Ni (1998) derived the scattering parameters for a horizontally 198 homogeneous canopy layer with finite thickness as: 199
where
, and (ℎ, ) are hemispherical-hemispherical transmittance, 200 hemispherical-hemispherical reflectance, directional-hemispherical transmittance, and directional-201 hemispherical reflectance, respectively. 202
203
The scattering parameters for a discontinuous canopy can then be approximated as combinations of a 204 homogeneous vegetation layer and a non-vegetated layer: 205
where The analytical approximation of the canopy reflectance for beam and diffuse radiation is the sum of three 212 factors in radiative transfer: the incoming irradiance scattered by the canopy elements, the first-order 213 scattered radiation from soil background, and the irradiance scattered back and forth between the canopy 214 layer and background surface (Ni et al., 1999) . Taking beam radiation as an example and assuming that the 215 background surface is Lambertian, the incoming irradiance scattered by the canopy elements is ′ , the 216 first-order scattered radiance from soil background is ′ ′ , and the multiple scattering between the 217 canopy elements and soil background is
The canopy 218 reflectance for beam irradiance can then be written as: 219
The canopy reflectance for diffuse irradiance can be obtained similarly as: 221
Mean photosynthetically active radiation absorbed by sunlit and shaded leaves 223
Let 0 be the flux density of incoming solar radiation on a horizontal plane at the top of the canopy and be 224 the fraction of incident beam radiation, the unintercepted beam and diffuse fluxes are then: 225
where and are canopy reflectance for beam and diffuse irradiance, respectively; and are the 226 unintercepted beam and diffuse fluxes, respectively; and and are canopy extinction coefficients for 227 beam and diffuse irradiance, respectively. 228
229
The downward beam flux is derived based on the assumption of black leaves, meaning that leaves absorb 230 incident irradiance completely and do not transmit radiation (Bonan, 2002) . To account for the effects of 231 leaf scattering, the total beam (i.e., unintercepted beam and down scattered beam) and total diffuse 232 (i.e., unintercepted diffuse and down scattered diffuse) irradiance can be modeled by introducing a factor of 233 √1 − to extinction coefficients similar to the two-stream radiative transfer model (Sellers, 1985) . As 234 single scattering albedo increases, the effective extinction coefficient becomes smaller and more sunlight is 235 allowed to transmit through the canopy. That is: 236
where is the single scattering albedo of leaves. = + , where and are leaf reflectance and 237 transmittance, respectively. 238
239
The total irradiance absorbed by the entire canopy per unit ground area consists of leaf absorption for both 240 beam and diffuse irradiance: 241
242
Substituting Equations (11), (12), (35), and (36) into Equation (37), we have: 243
244
Irradiance absorbed by sunlit leaves per unit ground area is obtained as the sum of direct beam, downward 245 scattered beam, and diffuse components: 246
247
Combining Equations (33), (35), (36), and (40), we have: 248
Note that is used instead of for the beam irradiance of sunlit leaves because sunlit leaves scatter direct 249 beam sunlight only once. 250
251
The irradiance absorbed by shaded leaves per unit ground area is simply the difference between the total 252 irradiance absorbed by the canopy and the irradiance absorbed by sunlit leaves: 253
254
The mean absorbed irradiance for sunlit and shaded canopy per leaf hemi-surface area is then: 255
256
Modeling leaf photosynthesis and scaling up to canopy photosynthesis 257
The biochemical process of carbon dioxide assimilation by leaves can be considered as a gas diffusion 258 process through stomata. According to Fick's law, the process is described as: 259
where is the 2 assimilation rate, is the stomatal conductance, and and are ambient and 260 intercellular 2 concentrations, respectively. 261
262
Field studies have firmly established the relationship between leaf stomatal conductance and environmental 263 conditions. Jarvis and McNaughton (1986) successfully synthesize the response functions in a multiple-264 constraint model: 265
where is the maximum leaf stomatal conductance when environmental factors do not limit carbon 266 uptake and ( ) are scalars that account for the influences of various environmental stresses on leaf 267 stomatal conductance. Due to different PAR absorption by sunlit and shaded leaves, the stomatal conductance for sunlit and shaded 285 leaves need to be calculated separately as: 286
where and ℎ are the stomatal conductance for sunlit and shaded leaves, respectively, and 287 and ℎ are the mean PAR absorbed by sunlit and shaded leaves, respectively. (Leuning, 292 1995) to estimate the ratio of intercellular to ambient 2 concentrations as: 293
where VPD is the ambient vapor pressure deficit; VPD 0 is an empirical constant describing the species 294 sensitivity to ambient vapor pressure deficit; Γ is the leaf 2 compensation point;
and are ambient 295 and intercellular CO2 concentrations, respectively; and represents linear regression coefficients related 296 to tree species. Calibrated values for model parameters are = 4.0, Γ = 40μmol/mol, and VPD 0 = 297 30kPa, respectively (Katul et al., 2000) . 298
299
Given modeled carbon assimilation rates at the leaf level, the total rate of carbon assimilation at the canopy 300 level can be scaled up as: 301
where is canopy gross primary production, and ℎ are leaf-level carbon assimilation rates for 302 sunlit and shaded leaves, respectively, and and ℎ are the sunlit and shaded leaf area index. 303 (Table 2) 
Results
361
Gap probability 362
The gap probabilities derived from the GORT model are shown in Figure 2 . As the solar zenith angle 363 increases, more beams of sunlight are intercepted by leaves and tree crowns, resulting in decreased gap 364 probabilities for both between-and within-crown gaps. As LAI increases, within-crown gaps decrease but 365 between-crown gaps remain the same. The physical explanation underlying is simple: tree leaves are 366 clumped within each individual crown such that variations in LAI would not affect between-crown gaps, 367 which are only a function of crown shape, canopy structure, and illumination geometry. canopy LAI is low. However, at high LAI, the total gap derived from GORT is considerably greater than 377 that modeled using Beer's law due to strong clumping effects. With an LAI of 4.0, the differences in gap 378 probabilities are as much as 0.3 at the nadir, and in this case, more sunlight is allowed to transmit to the 379 ground surface in GORT than in classic radiative transfer models. Modeled vertical structures of sunlight 380 penetration are also shown to be different between GORT and Beer's law (Figure 3b) . The gap probability 381 modeled using Beer's law decreases exponentially as canopy depth increases, whereas the decrease in the 382 GORT-modeled gap probability follows an inverse sigmoidal curve. The reason behind this can be 383 explained by the geometric factor: classic radiative transfer models assume that leaves are randomly 384 distributed within the canopy layer, but the GORT model assumes that leaves are randomly distributed 385 within individual crowns. Due to the ellipsoidal shape of tree crowns, there are simply more leaves in the 386 canopy center than near the canopy top and canopy bottom, where the gap probability decreases more 387 slowly. results to daily sums but perform regression analysis using all available hourly data in Figure 11 . For the 497 US-Bar site, the R² value is 0.801 and the RMSE value is 4.31 µmol CO 2 m -2 s -1 . For the US-Ha1 site, the 498 correlation between modeled and measured GPP is strong with an R² value of 0.777 and an RMSE value of 499 6.49 µmol CO 2 m -2 s -1 . There were slight GPP underestimates when measured GPP values are high at the 500 US-Ha1 site, possibly due to empirical functions that we used in modeling diffuse radiation and leaf 501 photosynthesis. Table 3 lists major statistical results for our model performance, as evaluated using all 502 available hourly data at both sites. The model performance is consistent through time and is comparable to 503 the simulation of 8-day data (Figure 7) , despite the fact that satellite-derived LAI instead of field 504 measurements were used for yearly simulation. 
Influence of CO 2 concentration on canopy photosynthesis 517
One important question is whether it is necessary to link radiative transfer with leaf stomatal conductance 518 for modeling photosynthesis, since some biogeochemical models such as Production Efficiency Models 519 simply assume that vegetation GPP/NPP is linearly related to canopy radiation absorption (Xin et al., 2013) . 520
To understand the performance of Production Efficiency Models, we conduct linear regressions between 521 modeled APAR and measured GPP as shown in Figure 12 
Clumping effects in the GORT model 550
The clumping effects of leaves modeled using GORT influence canopy radiative transfer processes and are 551 worthy of further examination. Chen et al. (1997) demonstrated that the net effects of leaf clumping could 552 be modeled by introducing a clumping index. We derive the clumping index by inverting their functions 553 (Zhao et al., 2011) as follows: 554
where Ω is the clumping index, gap is the gap probability modeled using GORT, Beer = exp (− ) is 555 the gap probability modeled using Beer's Law, is the extinction coefficient, and is the leaf area 556 index. 557
558
The behavior of the derived clumping index shown in Figure 14 is intuitively interpretable. Leaves are more 559 clumped when LAI is larger given constant tree structures. However, when LAI is constant but tree density 560 increases, leaves are distributed in a larger three-dimensional space, resulting in an increased clumping 561 
Assumptions and future improvements 577
It is also necessary to review our model assumptions and identify possible avenues for future improvements. 578
First, we assume a spherical leaf angle distribution in the model simulations. However, most deciduous 579 forests have semi-horizontal leaf orientation (Bonan, 2002) and an assumption of planophile or plagiophile 580 LAD is likely to be more appropriate for temperate and boreal broadleaf forests (Pisek et al., 2013) . Because 581 LAD influences the proportions of sunlit and shaded leaf areas, the way in which modeled canopy GPP 582 varies with LAD requires further exploration. Second, the substrate under the canopy layer is assumed to be 583 a Lambertian surface. Field studies have observed the effects of bi-directional reflectance distribution 584 function (BRDF) for soils (Liang and Townshend, 1996; Wang et al., 2010) , and coupled soil and vegetation 585 model (Ni and Li, 2000; Verhoef and Bach, 2007) should be tested to understand the effects of soil BRDF 586 on canopy photosynthesis. Third, we assume maximum constant leaf stomatal conductance over the 587 growing season. It is worth examining how optimal leaf stomatal conductance may evolve with leaf 588 development stages and long-term environmental changes (Keenan et al., 2013; Lammertsma et al., 2011) . 589
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